Spondylocarpotarsal synostosis syndrome is a rare autosomal recessive disorder characterised by vertebral fusions, frequently manifesting as an unsegmented vertebral bar, as well as fusions of the carpal and tarsal bones. In a study of three consanguineous families and one nonconsanguineous family, linkage analysis was used to establish the chromosomal location of the disease gene. Linkage analysis localised the disease gene to chromosome 3p14. A maximum lod score of 6.49 (q = 0) was obtained for the marker at locus D3S3532 on chromosome 3p. Recombination mapping narrowed the linked region to the 5.7 cM genetic interval between the markers at loci D3S3724 and D3S1300. A common region of homozygosity was found between the markers at loci D3S3724 and D3S1300, defining a physical interval of approximately 4 million base pairs likely to contain the disease gene. Identification of the gene responsible for this disorder will provide insight into the genes that play a role in the formation of the vertebral column and joints. S pondylocarpotarsal synostosis (SCT) syndrome, also known as congenital synspondylism (OMIM #272460), is primarily a disorder of abnormal segmentation of the vertebralbodiesand jointfusionsinthe handsandfeet. Theterm spondylocarpotarsal synostosis syndrome was first used by Langer et al 11 to describe the predominant clinical and radiographic findings in the disorder, and at least 20 cases have been described in the literature. 7 The phenotype is distinguished from other disorders of vertebral segmentation, such as spondylocostal dysplasia and spondylothoracic dysplasia, because of the lack of rib anomalies and the presence of carpotarsal fusions. The vertebral abnormalities can be seen in the neonatal period and appear to result from unilateral failure of segmentation of the vertebral bodies, resulting in progressive scoliosis. Carpal synostosis usually involves the capitate-hamate and lunate-triquetrum bones, and the tarsal coalitions may lead to club feet. Other variable findings in this disorder include sensorineuronal or mixed hearing loss, cervical spine instability, cleft palate, pes planus, defective dentition, and facial dysmorphism. 4 7 19 
MATERIALS AND METHODS
We studied four families with SCT syndrome; three consanguineous and one non-consanguineous. One of the consanguineous families with SCT syndrome and eye abnormalities that included lens opacities, rarefaction of the retinal pigmentation, and narrowing of the retinal vessels was reported by Steiner et Radiographic findings in the affected individuals showed unsegmented thoracic vertebrae with a unilateral bar and carpal fusions. A second family, R03-062 (fig 1) , was reported by Honeywell et al in 2002. In addition to many of the characteristic findings of SCT syndrome, the proband in this family manifested short stature, with radiographic evidence of epiphyseal delay. The pedigrees of the two other families studied, one consanguineous and one non-consanguineous (R00-008 and R00-084) are also shown in fig 1. A summary of the clinical and radiographic findings in affected individuals from these families is presented in table 1.
The characteristic radiographic findings of SCT syndrome, vertebral and captitate-hamate fusions, were present in all affected individuals studied and are shown in fig 2. In addition, an MRI of the spine was obtained on another individual with SCT (R03-038A). The thoracic region showed small, irregular vertebral bodies and absence of the nucleus pulposus, suggesting that the abnormalities of the spine reflect a defect of segmentation of the vertebral bodies early in development.
Under an institutional review board approved protocol, informed consent was obtained from all affected and unaffected individuals in the families under study. Blood was collected and DNA extracted by standard protocols. An initial genome scan failed to identify a linked region among about 500 markers typed in pedigree R99-438. A second genomewide scan was performed on individuals in pedigree R00-008, using the 400 markers from the ABI Prism Linkage Mapping set (MD 10, version 2.5; Applied Biosystems, Foster City, CA, USA). Each 15 ml polymerase chain reaction contained 25 ng genomic DNA, 200 mmol/l dNTPs, 0.33 mmol/l each primer, 0.5 U AmpliTaq Gold DNA polymerase (PE Biosystems, Foster City, CA, USA), and 1.5 mmol/l MgCl 2 . PCR was carried out using a Perkin Elmer 9700 GeneAmp Thermocycler as follows: 10 minutes at 95˚C; 35 cycles of 30 seconds at 94˚C, 75 seconds at 55˚C and 15 seconds at 72˚C; 10 minutes at 72˚C. PCR products were resolved by capillary electrophoresis using an ABI model 3100 automated DNA sequencer. Genotypes were analysed using the ABI Genotyper 2.5 software package. We checked for Mendelian errors using Pedcheck. 13 Two point lod scores were calculated using Mendel (version 4.0). 2 9 Initial evidence of linkage in family R00-008 was obtained for the marker at locus D3S1300, which yielded a maximum lod score of 2.33 (h = 0). Although genotypes were determined for the marker at locus D3S1300 in the original genome scan performed for family R99-438, the mother's analysis was not informative at this locus and there were recombinations in two of the five Additional polymorphic markers in the region were then tested in all of the families. A maximum lod score of 6.49 (h = 0) was obtained for the marker at locus D3S3532 at chromosome 3p14 (table 2) . Haplotypes across the region in each family were created by parsimony (fig 1) . A recombinant event in individual II-4 in pedigree R00-008 defined the centromeric limit at the marker at locus D3S3724. Recombinations at the marker at locus D3S1300 in individuals II-3 and II-6 from family R99-438 and individual II-2 in family R03-062 were used to define the telomeric limit of the linked interval. Recombination mapping thus localised the disease gene within the 4.7 cM genetic interval defined by the markers at loci D3S3724 and D3S1300.
RESULTS AN D DISCUSSION
Under the assumption that affected individuals in the consanguineous families would be homozygous by descent for the mutations producing SCT syndrome, the genomic interval containing the disease gene could be refined to the smallest common interval of homozygosity. This interval, which was flanked by the markers at loci D3S3724 and D3S1300, is estimated to be approximately 4 000 000 base pairs long. Examination of the human genomic sequence databases (NCBI and UCSC) showed that there are 12 known genes and 24 hypothetical genes in the region. Known genes include SEF, which encodes a ligand similar to fibroblast growth factor (FGF). SEF has been shown to have an inhibitory effect on FGF receptor (FGFR) signalling. 8 FGFs are expressed in the apical ectodermal ridge and are involved in the patterning of the skeleton, 16 and FGF signalling, specifically through FGFR3, is well documented in cartilage and chondrocytes. 5 Furthermore, heterozygosity for mutations in the FGFR3 gene produces a spectrum of osteochondrodysplasia phenotypes. 18 Thus, a ligand similar to FGF and one that has a known effect on FGFR signaling could have a role in the developing skeleton. HESX1, a member of the paired-like class of homeobox genes that is essential for pituitary and forebrain development, is also within the linked interval.
2 Heterozygosity for mutations in this gene produce septo-optic dysplasia, 17 making it unlikely that defects in HESX1 produce SCT syndrome. Similarly, ACOX2 is an unlikely candidate because absence of the gene product is seen in Zellweger syndrome. 1 Other known genes in the linked interval include APPL, ASP14, ARF4, FLNB, RPP14, PDHB, DNASEIL3, TU3A, and FAM3D. Little is known regarding the function of any of these genes in skeletal development, so they remain candidate genes simply based on their chromosomal location. Among the 24 hypothetical genes in the linked interval, the expression of some is supported by homology to known expressed sequence tags, while others have been identified exclusively by gene prediction algorithms.
The most favourable candidate genes are expected to be those that are expressed early in development, specifically during the embryonic period when sclerotomes develop and segment into vertebral bodies.
14 This hypothesis is supported by MRI of the spine in SCT syndrome (fig 3) showing the lack of a nucleus pulposus and indicating that, at the affected segment levels, fibrous discs are not formed between the vertebral bodies. As these events normally occur during the fourth week of embryogenesis, the normal function of the SCT syndrome gene product is likely to be required at this stage of development.
Patients with SCT syndrome also have characteristic fusions of the carpal and tarsal bones, so the defective gene has a probable role in joint morphogenesis. Joint morphogenesis is a complex, multi-step process that involves apotosis and ultimately cavitation to create a joint space. 12 Initiators of joint morphogenesis include NOGGIN and GDF5. 6 Heterozygosity for mutations in the NOGGIN gene produces multiple synostosis syndrome, another disorder that includes joint fusions. 6 During joint formation, NOGGIN regulates the expression of growth differentiation factor 5 (GDF5). Numerous other genes are involved in joint formation, some of which include GDF6, GDF7, WNT14A, and WNT5A.
3 WNT5A is localised to chromosome 3q14, near the SCT syndrome disease gene interval. Thus, when the initial linkage was obtained at for the marker at locus D3S1300, we considered WNT5A to be a good disease gene candidate. However, sequence analysis of the coding exons and flanking splice junctions of WNT5A in affected individuals from the SCT syndrome families did not identify any sequence changes, excluding structural mutations in WNT5A as the cause of SCT syndrome. Subsequent fine structure genetic mapping also excluded WNT5A as the disease gene based on a recombination seen for the marker at locus D3S3724 in individual II-4 from family R00-008 (fig 1) .
In addition to vertebral anomalies and joint fusions, SCT syndrome has other physical manifestations, including short stature, hearing, vision, and dental abnormalities, suggesting that the disease gene has an expression pattern beyond vertebral segmentation and joint morphogenesis. The short suggests a possible defect in endochondral ossification. This in turn predicts that the defective gene will be expressed in growth plate cartilage. Of the 36 genes (including hypothetical genes) in the interval, public databases show expression in cartilage for APPL, ARF4, FLNB, RPP14, and PDHB. To identify the disease gene, candidate genes of the highest priority for mutation analysis will be those expressed in cartilage.
We conclude that SCT is a complex disease of vertebral segmentation, joint morphogenesis, and growth. In the four families studied, the disease gene is localised to chromosome 3p14, and there is no evidence of locus heterogeneity. The identification of the disease gene will lead to a further understanding of vertebral segmentation and joint formation.
ELECTRONIC DATABASE INFORMATION
Online Mendelian Inheritance in Man (OMIM) (for SCT syndrome OMIM 272460), http://www.ncbi.nlm.nih.gov/ Omim/ NCBI Map Viewer (for genes and polymorphic markers on chromosome 3p14). http://www.ncbi.nlm.nih.gov/cgi-bin/ Entrez/map_search/ UCSC Human Genome Project Working draft, (for genes on chromosome 3p14). http://genome.ucsc.edu/ Figure 3 MRI from an affected individual with spondylocarpotarsal syndrome (R03-038) showing abnormal shaped vertebral bodies (arrow) and lack of the nucleus pulposus in the thoracic region.
